Abstract. We report the fabrication and characterization of a gate-defined double quantum dot formed in a Si/SiGe nanomembrane. In the past, all gatedefined quantum dots in Si/SiGe heterostructures were formed on top of straingraded virtual substrates. The strain grading process necessarily introduces misfit dislocations into a heterostructure, and these defects introduce lateral strain inhomogeneities, mosaic tilt, and threading dislocations. The use of a SiGe nanomembrane as the virtual substrate enables the strain relaxation to be entirely elastic, eliminating the need for misfit dislocations. However, in this approach the formation of the heterostructure is more complicated, involving two separate epitaxial growth procedures separated by a wet-transfer process that results in a buried non-epitaxial interface 625 nm from the quantum dot. We demonstrate that in spite of this buried interface in close proximity to the device, a double quantum dot can be formed that is controllable enough to enable tuning of the inter-dot tunnel coupling, the identification of spin states, and the measurement of a singlet-to-triplet transition as a function of an applied magnetic field.
Introduction
Quantum dots in group-IV semiconductor heterostructures have the potential to be suitable for scalable quantum computing, and have made important steps in recent years towards that goal [1, 2] . Quantum dot qubits in silicon can be formed in several different ways by harnessing a combination of spin and/or charge states: successful realizations have demonstrated the single-spin qubit [3] [4] [5] [6] , the singlet-triplet qubit [7, 8] , the charge qubit [9] [10] [11] , the exchange-only qubit [12] , and the hybrid quantum dot qubit [13, 14] . While metal-oxide-semiconductor devices can confine electrons at the Si-oxide interface independent of the Si strain state, Si/SiGe heterostructures only confine electrons in the Si quantum well if that well is under tensile strain, a state that is typically achieved by epitaxial growth on relaxed SiGe [15] . Strain grading methods enable the growth of such relaxed SiGe buffer layers, allowing the confinement of electrons in a Si quantum well, and the formation of two-dimensional electron gases with very high mobility [16, 17] .
However, the goal of making a large array of uniform Si/SiGe quantum dots is still a major challenge that must be overcome if they are to be used in a scalable quantum computer.
A fault tolerant quantum computer may require as many as 10 8 simultaneously tuned qubits [18] , yet typical strain-graded heterostructures have qubit-affecting inhomogeneities on the length scale of a single qubit [19] . Three types of wafer inhomogeneities have been studied in detail: variation of lateral strain, mosaic structure, and disorder on Si/SiGe interfaces. Strain inhomogeneities will cause variation in the band gap offset [20] , and strain-graded heterostructures have been shown to include ±0.10% variations in strain over an area of 260 µm 2 [21] . Mosaic structure (i.e., tilting of crystalline lattice vectors) typically varies enough to impact spin qubits over length scales of one micron [19] . In addition, atomic level disorder on the interface between Si and SiGe layers, including single atomic steps, can greatly suppress the singlet-triplet splitting in quantum dots [22, 23] .
All three of these qubit-affecting defects are known to be caused by misfit dislocations, defects that are intentionally introduced as a part of the strain grading process [24] .
A heterostructure formed through strain grading processes is depicted in Figure 1a . Regardless of how gradually strain is introduced into a heterostructure, strain grading processes will create a buried network of misfit dislocations [25] . As a consequence, one of the root causes of heterostructure inhomogeneities cannot be eliminated without adopting a new method of strain relaxation.
A liquid release method of elastic strain relaxation has been proposed as a path towards the production of highly uniform heterostructures, because it provides a path to the formation of relaxed SiGe without the introduction of misfit dislocations [21, [26] [27] [28] . The process begins by growing a layer of SiGe on siliconon-insulator (SOI) such that its thickness is below the critical thickness necessary to form misfit dislocations. This single crystal SiGe nanomembrane is then released into liquid solution through subsequent HF, KOH, and H 2 O dips. Free of any rigid substrate, the nanomembrane elastically relaxes to its natural lattice constant. Finally, the nanomembrane is transferred to a new Si handle wafer where it can undergo further epitaxial growth to form the rest of the heterostructure. Figure 1b depicts a heterostructure created using the liquid release method of strain relaxation. MicroRaman spectroscopy has shown that there is less lateral strain variation in such transferred nanomembrane heterostructures than in conventionally-strain-graded heterostructures [21] . Previous work has shown that electron gases formed in transferred nanomembranes have electron mobility above 40,000 cm 2 /(V·s) at a carrier density of 4×10 11 cm −2 [28] , a mobility that in principle is high enough to form gate-defined quantum dots [29] .
However, the nanomembrane transfer process necessarily introduces a non-epitaxial interface between the Si handle wafer and the transferred SiGe nanomembrane, and this interface has the potential to disrupt the tunability and stability of single-electron devices.
Here we report the first fabrication and characterization of a double quantum dot formed in a Si/SiGe nanomembrane heterostructure. We show that the nanomembrane heterostructure supports the formation and measurement of high-quality, gate-defined quantum dots, including the ability to reach the few electron regime, the ability to coherently tune the interdot tunnel coupling of two quantum dots, stability under the application of RF pulses, and sufficient repeatability to enable the performance of magnetospectroscopy of the quantum dot energy levels. These results provide strong evidence that the presence of a A challenge in working with such strain-graded heterostructures is that the misfit dislocations that are a necessary part of this process contribute to inhomogeneities across an otherwise uniform wafer. b) Schematic depiction of the heterostructure used here, in which the SiGe layer is relaxed elastically using a nanomembrane-based method. The heterostructure below the dashed line is formed by transferring an elastically relaxed SiGe nanomembrane to a new handle wafer, where a non-epitaxial bonding interface is formed. The nanomembrane has no added dislocations, because it was grown below the critical thickness necessary for misfit dislocations, and then was released into liquid solution. After transfer, the SiGe buffer layer, Si quantum well, SiGe spacer, and Si cap were grown by chemical vapor deposition.
non-epitaxial interface between the silicon handle wafer and the wet-transferred nanomembrane does not degrade in an observable way the stability or performance of gate-defined quantum dots.
Methods
Figure 2a shows a schematic cross section of the Si/SiGe nanomembrane-based double quantum dot studied here, in which all carriers are induced by gates and no dopants are placed in the active area of the device [30] [31] [32] [33] , eliminating a key source of charge noise [34] . After the second heterostructure growth on the elastically relaxed SiGe nanomembrane, a 10 nm layer of Al 2 O 3 was grown by atomic layer deposition (ALD). To create ohmic contacts, regions of oxide were etched away, and at these locations 31 P donors were implanted with a density of 5×10 15 cm −2 ; these regions were subsequently covered with 4 nm Ti and 36 nm Au. The lower layer of gates was patterned using ebeam lithography and metallization with an e-beam evaporator (2 nm Ti/20 nm Au). Figure 2b shows a scanning electron microscope (SEM) image of a test pattern whose gate design is identical to the lower gate layer for the device studied here. This lower layer includes two quantum point contacts for charge sensing (QPC1,2), four barrier gates for controlling access to electron reservoirs (B1-4), left and right plunger gates outfitted for RF control of the dot (L and R), and a top (T) and middle gate (M) intended to control the inter-dot tunnel rate. A second layer of Al 2 O 3 was grown using ALD, this time with a thickness of 80 nm, followed by an upper layer of accumulation gates, which was patterned and metallized with 2 nm Ti and 20 nm Au. Figure 2c shows a test pattern whose gate design is identical to the upper gate layer for the device studied here and includes a left and right paddle for changing dot occupation (PL and PR) and an accumulation gate to regulate access to the ohmic contacts (A). In a final lithography step, this accumulation gate was extended all the way to the ohmic contacts. Figure 2d is a tilt-view SEM image of the completed device. Figure 2e is a larger-scale, top-down SEM image of the device and the surface of the surrounding heterostructure. Aside from a few pit defects, the heterostructure is quite uniform in the vicinity of the completed double quantum dot, demonstrating that membrane transfer is compatible with smooth and flat heterostructure regions. Figure 2f is an optical image at an even larger scale of the completed device; on this scale numerous tears and gaps are visible in the nanomembrane, and the device was carefully designed and fabricated to fit onto a clean and uniform portion of the nanomembrane. While this nonuniformity is present in the measured device and made the fabrication more challenging, it does not appear to be an inevitable part of nanomembrane devices; the damage observed in Figure 2f used during the cleaning step immediately prior to the second epitaxial growth. The completed double quantum dot structure was mounted in a dilution refrigerator with a base temperature of ∼40 mK.
Results and Discussion
We first present measurements of a single quantum dot formed on the right side of the device (RD), which could be measured both by transport through the quantum dot between ohmic contacts O3 and O4 and by charge-sensing by measuring the current through the left quantum point contact, that is to say around QPC 1 and between ohmic contacts O1 and O2. Figure 3a shows the differential conductance across the quantum dot as a function of the applied source-drain bias voltage and the voltage on gate R. Numerous Coulomb diamonds are visible with no significant background charge rearrangement, demonstrating the stability of the background charge environment provided by the nanomembrane.
The Coulomb diamonds in Figure 3a increase in size with each expelled electron as gate voltage V R is made more negative, moving from right to left in the figure.
Continuing in this direction, the quantum dot was brought into the few-electron regime by tuning the voltages on gates R and RP. Further characterization in the few-electron regime was performed by charge sensing using the left quantum point contact, performing a lock-in measurement of the current between ohmic contacts O1 and O2 while modulating V R . Figure 3b shows the results of magnetospectroscopy for a transition where the number of valence electrons changes from zero to one (below we show evidence that there may be an additional closed shell of electrons).
As the in-plane magnetic field B is increased from 0 T to 1.5 T, the transition from zero to one electron occurs at progressively lower values of V R , consistent with loading a spin-down electron. the results of an analogous magnetospectroscopy measurement on the 1-to-2 electron transition; in this case, as the applied magnetic field increases from 0 T to 0.38 T, the transition from one to two electrons occurs at progressively higher values of V R , consistent with a transition from a single spin-down electron to a twoelectron singlet (S) state. In contrast, from B = 0.38 T to 1.5 T the transition from one to two electrons occurs at progressively lower values of V R , consistent with the transition from a single spin-down electron to a two-electron triplet T − state. The transition of the two-electron ground state from singlet to triplet at B = 0.38 T corresponds to a zero-field singlet-triplet splitting of 44 µeV, comparable to values observed in quantum dots grown on conventional strain-graded heterostructures [7, 37, 38] .
To probe the excited states of the dot, pulsedgate spectroscopy was performed, with a square wave voltage applied to gate R enabling loading of excited states [39, 40] . The gate lever arms used to convert the voltage on gate R to the electrostatic energy of the right dot are α R,RD = 78 µeV/mV for the 0-to-1 electron transition and α R,RD = 45 µeV/mV for the 1-to-2 electron transition and were extracted from the slope of the transition lines in Figures 3b,c. Figure 3d shows data for the 0-to-1 transition; in this panel, a series of 420 ns square pulses with amplitude V P was applied to gate R with a repetition rate of 1 MHz. The singleelectron excited state with the lowest energy is 56 µeV above the ground state, an energy that is consistent with a predominately valley-like excitation in Si/SiGe quantum devices [23, 30, 41, 42] . In the upper left corner of Figure 3d a line extends towards the lower left and intersects with the so-called "loading line." This line would correspond to an excited state of the 0-electron configuration, and thus it suggests the presence of a closed shell of electrons in the quantum dot. Figure 3e shows pulsed-gate spectroscopy for the 1-to-2 electron transition. For this transition, a series of 800 ns square pulses with amplitude V P was applied to gate R with a repetition rate of 500 kHz, which allowed loading of the two-electron excited states. Three two-electron Tunnel couplings are extracted from the stability diagrams in panels a and b by converting measured voltages into detuning using gate lever arms and fitting the transition widths, following Ref. [36] . The gate lever arm α R,RD was extracted from the magnetospectroscopy data of Figure 3 ; other pertinent gate lever arms were then obtained geometrically using the data in panels a and b. e) Plot of the extracted tunnel coupling ∆ over a range of values for V M , showing that the tunnel coupling can be tuned over a wide range. The error bars are derived from an unweighted least-squares fit. f) Charge stability diagram extracted by applying nominally 200 ps square pulses to gate L, which creates a current response ∆I in the left QPC, thereby demonstrating charge stability under application of high frequency pulses.
excited states are visible; the two-electron excited state with the lowest energy sits 50 µeV above the two-electron ground state, consistent with the singlettriplet splitting observed in Figure 3c . We now discuss the formation of a double quantum dot, for which gate M was used to control the inter-dot tunnel rate. The difference in tunnel rate between these two stability diagrams can be observed in two ways: first, while the polarization line in Figure 4a appears as a sharp, white line, the polarization line in Figure 4b is barely visible because the increased inter-dot tunnel rate leads to strong lifetime broadening. Second, whereas the dot-to-reservoir electron transitions in Figure 4a have sharp corners at their junction with the polarization line, the dot-to-reservoir electron transitions in Figure   4b show significant rounding near junctions with the polarization line.
To extract the tunnel coupling from Figure 4a , Figure 4c plots the lock-in signal as a function of the electrostatic energy difference between the left and right dots (the detuning), effectively superposing sections through the polarization line with many different values for the total double-dot energy. Each data point was projected onto the detuning axis using the pertinent gate lever arms; α R,RD was established from the magnetospectroscopy data, and the other lever arms were determined geometrically from the slopes of the transition lines in Figure 4a and the value of α R,RD . Following the approach of Ref. [36] , we express I QPC , the current through the charge-sensing QPC, as
where ε is the detuning, Ω = √ 2 + 4∆ 2 is the energy difference between the two eigenstates, k B is the Boltzmann constant, T is the electron temperature, I 0 is a current offset fit parameter, ∆I QPC is a parameter for fitting the quantum point contact's sensitivity to an inter-dot charge transition, and Γ is a parameter characterizing gate-to-QPC crosstalk. The data from Figures 4c,d are fit with
where α R, = ∂ /∂V R is the lever arm that converts changes in the voltage on gate R to changes in the detuning. The electron temperature T was taken to be 50 mK, consistent with the width of the dot-to-reservoir transitions (assumed to be primarily temperature broadened). The fits to the data in Figures 4c,d yield ∆/h = 0.97±0.08 GHz and ∆/h = 9.1±0.8 GHz, respectively, where ∆ is the inter-dot tunnel coupling. Figure 4e presents the results of a similar analysis for a total of 7 datasets, demonstrating the achievement of a wide range of tunnel couplings for various values of V M . The extraction of ∆ is difficult for very large tunnel couplings, as is clear from Figure  4d ; for this reason, we plot two values of the tunnel coupling for V M = 0.974 V in Figure 4e , which were extracted from two different stability diagrams taken roughly a day and a half apart. Similarly, two values for the tunnel coupling are plotted for V M = 0.926 V, values which were extracted from separate stability diagrams taken roughly a day apart. In comparison to the data points for V M = 0.974 V, the two data points for V M = 0.926 V are in such close agreement that they are difficult to distinguish.
Finally, Figure 4f reports measurement of a double-dot stability diagram in the presence of short voltage pulses, demonstrating the stability of the device in the presence of very high-bandwidth driving. An arbitrary wave generator with a rise time of 40 ps was used to apply a series of 200 ps square pulses to gate L at a repetition rate of 20 MHz, which caused abrupt changes in the electric potential of the dots.
When either dot was energetically close to a charge transition, applying such a series of pulses was likely to induce charge transitions in the dot, which caused a change in QPC current ∆I relative to a similar sequence of null pulses. Figure  4f shows the derivative of ∆I with respect to V R , which highlights regions where a charge transition is induced by the applied sequence of square pulses. The nanomembrane heterostructure of this device provides a stable electrostatic environment for the quantum dots, even when the double quantum dot system is driven by high-bandwidth voltage pulses.
Conclusions
The results discussed above demonstrate a new path towards the confinement of electrons in Si/SiGe gatedefined quantum dots: we have reported characterization of a double quantum dot formed in a heterostructure created using the liquid release method of strain relaxation. This method of strain relaxation is a powerful tool for the formation of heterostructures with much better uniformity than those created through conventional relaxation methods. The key advantage of this approach is that it does not depend on the insertion of misfit dislocations for strain relaxation, and instead it relies entirely on elastic relaxation of a single-crystal SiGe membrane. The measurements we report here address the stability of a double quantum dot fabricated on a Si/SiGe heterostructure grown epitaxially on such a transferred, relaxed SiGe nanomembrane. We demonstrated that the liquid release method of strain relaxation can produce quantum dots that are stable under a wide range of measurement conditions, and we showed that the inter-dot tunnel coupling was easily tuned over a wide range of values. The buried interface created during the wet transfer of the relaxed nanomembrane is far less controlled than the purely epitaxial heterostructures that in the past were used exclusively for Si/SiGe quantum dot experiments. The results presented above provide significant evidence that this interface formed 625 nm below the quantum well does not preclude the formation of high-quality and stable double quantum dots.
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